We numerically report designs of color filters comprising of 2-D photonic crystal (2D-PhC) slabs of square lattice of air holes. The filter principle is based on excited Fanolike guided-mode resonances (GMRs) in the visible regime with high-quality factor (Q-factor) and low reflection sidebands. The 2D-PhC slab architecture influence on its spectroscopic property is comprehensively investigated. We introduce an alternative PhC lattice, which is formed by introducing an additional hole in each unit cell to enhance the light confinement in the waveguide slab, as such the induced Fano-like GMRs' Q-factor is significantly increased about two orders of magnitude compared to the traditional PhC without additional holes. At Fano-like GMRs, two in-plane waves oscillate toward the opposite directions with a phase difference of π. The radiated fields of these waves strongly cancel each other in the far field, and the coupling between the waveguiding slab and the incident light is dramatically reduced resulting in the high Q-factor of the Fano-like GMR in the introduced PhC slab. As a result, the 2D-PhC slab excited Fano-like GMRs in this work may find fascinating applications in optical filters, optical imaging, optical switching, and so on.
Introduction
An optical color filter is a key component for many optical devices such as optical image sensors in charge coupled devices, crystal shutters in line sensors and display devices including televisions, computers, mobile phones, digital cameras, e-readers [1] - [3] . Numerous materials have been studied in the past to realize color filters such as dyes, pigments, and metals. However, color filters based on dyes and pigments are limited because of their low efficiency, thermal loss, absorption, and selective color imperfectly where the colors are produced by the exchange of energies between photons and electrons [2] , [4] . Recently, engineered color filters employing photonic/plasmonic nanostructures have been studied extensively. In general, these color filters are mainly based on several elementary optical processes including reflection, refraction, interference, diffraction, scattering and so on within the microscale structures. For the display components, the engineered color filters are brighter under light illumination, more free from photobleaching, and flexible tunable than dye or pigmentary colors [3] , [5] - [11] . Engineered color filters based on plasmon effects in metallic and metamaterial nanostructures have been undertaken attractively owing to their promising features including planar geometry with thin thickness, and full color display [7] , [9] . Unfortunately, metal suffers from inherent losses in the visible spectrum. Its optical spectroscopies induced by plasmonic effects are typically broadband with low Q-factor and less intensive. In addition, plasmonic colors are angularly sensitive. The Q-factor is defined as a ratio between the resonant wavelength over the resonant linewidth at half-maximum (FWHM). To circumvent this problem, metal-free engineered color filters using dielectric GMR refractive filters have been introduced in the past decade [5] - [7] , [12] - [14] . Various dielectric engineered structures excited GMRs have been reported including slab waveguide gratings (WGs) and normal PhC slabs. They provided high color efficiency with highly tunable bandwidth. The GMR spectroscopy usually has Lorentzian shape, which exhibits strong reflection peak (nearly unity), high spectral contrast (low reflection sidebands), flexible in material choice, suitable for large scale fabrication, weak angular dependence, and dynamic tuning of the reflectance spectrum.
Alternative GMRs with Fano shape have been investigated in slab WGs and normal PhC slabs [5] , [15] , [16] . In contrast to Lorentzian GMRs, Fano GMR is excited by the coupling between guidedmode in the slab (discrete state) and external radiation (continuum background) constituting in this way an efficient mechanism to transfer the guided-mode within the slab to external media. Recently, GMRs in slab WGs and PhC slabs have been designed and fabricated to get the different resonant Lorentzian and Fano lineshapes with low reflection sidebands from the visible to near-infrared spectral regions, which applied for polarization-controlled tunable colors, near infrared filters, and optical switching/bistability [5] , [17] - [21] . While slab WGs are sensitive to the incoming light polarization, the normal PhC slabs weakly depend on the polarization stabilization of the light source as shown in [22] - [25] . In these PhC slabs, the resonant wavelength and the Q-factor of the excited GMRs are insensitive to the normally incident light polarization. Significant advantages of Fano-like GMRs are related to their high Q-factor and ability to enhance it. First, the Fano-like optical filter's Q-factor can be 10 4 in single-layer PhCs and can be increased up to over 10 7 by using stacked double-layer PhC configurations [17] , [18] . Second, an alternative PhC slab structure was generated by introducing a rectangular slot in each unit cell of the Suzuki-phase lattice to enhance the electromagnetic field confinement of the GMRs. The calculated Q-factor in an ideal structure is over 4 × 10 5 . This structure shows a flatter band at the -point compared with the normal PhC slabs [23] , [24] , [26] . However, this structure is highly dependent on the polarization of incident light. In this work, we introduce an alternative PhC structure which is formed by introducing additional hole in each unit cell to create and maintain the interaction of two in-plane waves oscillated towards the opposite direction of phase difference of π. It is seen that the radiated fields of two in-plane waves strongly cancel each other out in the far field, and the coupling between the waveguiding slab and the incident light is largely minimized thanks to interference between reflected back and forth at the GMR, resulting in a high Q-factor of Fano-like GMR. Large Q-factor on an order of ∼ 10 5 or higher can be achieved by tuning the structural parameters and size of the additional hole. It is two orders of magnitude larger than that of the structure without introducing hole in the center. In addition, the proposed PhC lattice is a symmetry structure at normally incident light, so that it is independent on the incident light polarization. The resulting Fano-like GMRs may find applications in optical filters, optical imaging, and optical switching, and our investigation on the dependence of the structural parameters, incident polarization and angles on resonant shapes and Q-factors will provide a general guideline for free-space optical devices. All numerical simulations were carried out by the finite-difference time-domain (FDTD) method with subpixel smoothing for increased accuracy [27] , [28] .
Color Filters Based on Fano-Like GMRs in Normal PhC Slabs
A slab structure whose high-index layer is silicon nitride material (Si 3 N 4 , n = 2.02) with thickness t deposited on the glass substrate is depicted in Fig. 1(a) . A normal PhC slab is formed by a square lattice (lattice constant P = 300 nm) of air holes (diameter φ = 100 nm) with a depth of δ perforated in a Si 3 N 4 layer. Fig. 1(b) shows the calculated linear reflection spectra for various depths δ. Since normal PhC slabs are insensitive to the incident light polarization [22] , [29] , the TE-like mode is applied as the incident plane wave. In the calculation, the perfectly matched absorbing boundary conditions are used in the top and the bottom boundaries [27] . As seen in Fig. 1(b) , the reflection filters with low asymmetric sidebands and their Fano-like spectra are achieved. The figure also shows reflection spectra for various thicknesses (t) of the Si 3 N 4 slab and depths (δ) of the perforated holes. For Si 3 N 4 thickness t = 150 nm, when the hole depth δ is increased, the reflection spectrum is blue-shifted, which is caused by the reduction of the effective refractive index of the slab [30] , [31] and the slab guided-mode gets strong leaky and hence, the linewidth becomes broader resulting in a decrement of Q-factor. As the depth δ is 50 nm, the Fano-like resonance is generally narrower and red-shifted for thicker Si 3 N 4 slabs as shown in the same figure. This is attributed to the added optical path in the thicker slab waveguide leads to longer resonance lifetime and increment of the effective index of the slab. The characteristics of the Fano-like GMRs in normal PhC slabs for various hole depths and slab thicknesses are summarized in Table 1 .
Apart from the characteristics of the Fano-like GMR in normal PhC slabs, its performance is amongst key factors to determine the color filter in which the peak wavelength, Q-, and q-factors of the optical response are needed to compute. In order to calculate these factors of the reflection spectrum, we fit the spectrum to the Fano-lineshape as follows [16] :
where ε = 2 ω−ω o , q is an asymmetric factor, ω o is a resonant frequency, F is a constant factor which describes the degree of asymmetry, and is a resonant linewidth at half-maximum. The Q-factor is defined by the resonant frequency over the resonant linewidth at half-maximum. The Eq. (1) has been widely used to express the spectral response of Fano lineshape. It suggests that there are exactly one minimum and one maximum in the Fano lineshape. The F-factor is chosen for maximum amplitude of lineshape to unity. The lineshape is strongly determined by q-factor. Table 1 shows the calculated results of the optical characteristics of the reflection spectra for various slab thicknesses and depths. For a variation of q-factor, the degree and asymmetry of lineshape change and the actual resonant frequency locate in between the peak (maximum response) and the dip (minimum response) of the asymmetric lineshape. In addition, when q-factor changes sign, the reversible of Fano lineshape is reversed. As a consequence, both changing of amplitude and sign of q-factor hold significant implications for the promising photonic device applications such as sensitive optical filters, lasers, biosensors, and also switching/bistability [16] , [20] , [21] . The electric field profiles for three unit cells along the x direction at side view (x axis) and top view (z axis) exhibit the optical characteristics as shown in Fig. 1(c) and (d) . The electric field distributions at the top view for the thin and thick and slab waveguide have the same forms, but their side views are different. For the thin slab waveguide (t = 150 nm), the electric field profile indicates that the reflection peak arises from a first order coupling to the TE 0 -like mode. For the thick slab waveguide (t = 300 nm), the electric field profile indicates that the reflection peak arises from a first order coupling to the TE 1 -like mode. The added optical path in the thicker slab waveguide makes longer resonance lifetime, or Q-factor increases [32] . The dependence of optical characteristics of color filters on the other PhC slab structures whose influenced hole sizes are not shown exhibit the same tendency.
The oblique incident angle θ i is defined by the angle between wavevector k and the z axis. To understand the angular dependence on the optical properties, we next calculate the reflection of the structure versus to the incident angle. The slab thickness t and depth δ of 300 nm and 50 nm are chosen for the simulation, respectively. Fig. 2(a) shows the dependences of the incident angle θ i on the reflection spectra for TE-like mode of electric field along x direction. The red hot spot around 522 nm in the figure represents a depthless in reflectivity and hence indicates the presence of a strong optical mode for the incident angle smaller than 30
• . The width and blueness of the shaded area indicate the width and strength of the optical mode. Fig. 2(b) shows the example of reflectance peaks caused by Fano-like resonance for incident angles with θ i = 10
• , 20
• , 30
• , 40
• , and 50
• . As Fig. 2 shown, the change of incidence angle makes only change the amplitude of reflection. It doesn't change the resonant wavelength near 522 nm. In addition, the sidebands slightly change when the incident angle changes. The numerical investigation of Fano-like GMR on the size of hole is considered but it is not shown here since it is in the same tendency with the case of changing the hole depth.
As a proof of concept, we design the normal PhC slab structures that induce in the visible region. Here, we realize the same structures and demonstrate their dynamic tunability of colors by varying the periodicity P. Fig. 3(a) shows the simulated reflection spectra of structures with different geometries of the periodicity P for slab thickness t = 300 nm and depth δ = 50 nm. As can be seen, when the periodicity P increases, redshift, higher Q-factor, and higher sidebands are achieved. For instance, with the periodicity P of 250 nm and 450 nm, the resonant wavelength λ R and the corresponding Q-factor are 444.7 nm, 583 and 741.6 nm, 4242, respectively. It means that, as the periodicity P increases, the waveguide mode get less leaky and, hence, the linewidth becomes narrower, leading to an increase of Q-factor. The redshift is caused by the increasing of the effective index of the slab. The mode profile is not shown here; however, the electric field profile indicates that the reflection peak arises from a first order coupling to the TE 0 -like mode. The peak wavelength and Q-factor for each resonant mode is evaluated using Fano lineshape and plotted in Fig. 3(b) , which show that Q-factor increases and redshifts and linear dependences as periodicity P increases.
Proposed PhC Slabs With Additional Air Holes
As mentioned above, sharp Fano-like lineshape or Q-factor of GMRs can be obtained in normal PhC slabs with thick slab waveguide, small size or thin depth holes. Making thin depth or small size holes may raise difficulties for the fabrication technology [33] . Here we introduce the alternative geometry structure to get the higher Q-factor. Fig. 4(a) shows the diagram of the presented PhC slab structure of lattice constant P of 300 nm. The additional holes with depth δ are the same as the basis holes and size φ 1 are positioned in the middle of each unit cell of the normal PhC slab of square lattice. In the calculations in the Fig. 4 , the basis hole size φ of 100 nm, slab thickness t of 150 nm, and depth δ of 50 nm are chosen for simulation. The normal incidence and polarization of TE-like mode is applied. Fig. 4(b) shows the Fano-like reflection spectra for various size of the additional hole φ 1 . As φ 1 increases, the Fano-like reflection spectrum shifts to the short wavelength due to the decreased effective refractive index of the slab; the linewidth firstly becomes narrower and then becomes broader, that is, Q-factor increases firstly and then decreases. Fig. 4(c) shows the evaluation of the simulated peak wavelength (blue) and Q-factor (red) as function of additional hole φ 1 . The symbols (squares and spheres) are simulated values and the lines (blue and red) are the guides for clear views. In the limit where the additional hole φ 1 vanishes, i.e., the normal PhC slab, Q-factor is 879.8. By adding hole φ 1 in the center of each unit cell, the Q-factor increases for φ 1 increases from 0 to φ, for example Q-factor ∼ 10 5 at φ 1 = 90 nm. It is enhanced as a factor larger than two orders of magnitude. If φ 1 continues to increase beyond 100 nm, the Q-factor decreases. So as φ 1 gets closer with φ, the Fano GMR gradually diminishes, while the resonance becomes much sharper with decreased linewidth or Q-factor enhanced. Particularly, for the case φ 1 = φ = 100 nm, the guided-mode of alternative PhC slab cannot be directly excited by normal incident light, so the Fano-like resonance disappears. The φ 1 also affects the peak wavelength. As shown in Fig. 4(c) , the peak wavelength linearly decreases from 522.2 nm for φ 1 = 0 nm to 510.2 nm for φ 1 = 200 nm. Fig. 4(d) shows the simulated field profiles of top-and side-views of electric field along x direction for the resonance indicated in Fig. 4(b) . The side-view electric field profile is similar to that shown in Fig. 1(c) , which is corresponding to the first order TE 0 -like mode. Through the top-view profile, we observe that the electric field distribution is originated from the interaction of the two in-plane waves, which oscillate towards the opposite direction of phase difference of ϕ [see Fig. 4(e)-left] . At a certain condition, the radiated fields decays each other in the far field. In addition, the coupling between the waveguiding slab and the incident light is reduced due to the interference between the backward and forward waves [34] . This results in the Fano-like resonance with high Q-factor. When φ 1 closes to φ, two in-plane waves are oscillated with a phase difference of π and same strength of resonant amplitude [see Fig. 4 (e)-right], the two radiated fields strongly cancel each other out in the far field, and the coupling between the waveguiding slab and incident light is largely minimized, very high Q-factor can be achieved.
To understand the angular dependence on the optical properties and characteristics, we next calculate the reflection of the proposed PhC slab structure versus the incident angle θ i . The proposed PhC slab depicted in the inset of Fig. 5(b) with φ 1 = 80 nm is chosen for the simulation. Fig. 5(a) shows the dependence of the incident angle θ i on the reflection spectra. The red hot spot locates at around 518.2 nm in the figure represents a depthless in reflectivity and hence indicates the presence of a strong optical mode for the incident angle smaller than 30 o . The width and blueness of the shaded area indicate the width and strength of the optical mode. Fig. 5(b) shows the example of reflectance peaks caused by Fano-like resonance for incident angles with θ i = 10
• . As Fig. 5 shown, the change of incidence angle makes only change the amplitude of reflection doesn't change the resonant wavelength at near 518.2 nm. In addition, the sidebands slightly change when the incident angle changes. The numerical investigation of Fano-like GMR on the size of hole is considered but it is not shown here. It is similar to the reflection spectra of the proposed PhC slabs with the variation of the hole depths, slightly blue-shift and broader linewidth (Q-factor decreases) of resonant spectrum when the size of hole increases.
Experimentally, it is possible to fabricate all our designed structures using Focused Ion Beam (FIB) etched into the Si 3 N 4 layer. In particular, the Si 3 N 4 thin films with different thicknesses (t = 150 nm ∼ 300 nm) are deposited on a glass substrate using a thermal evaporator or a Plasma Enhanced Chemical Vapour Deposition (PECVD) techniques. The 2D-PhC slab of the square lattice of the circular holes with diameter (φ) and periodicity (P) of 100 nm and 300 nm, respectively, is patterned on the Si 3 N 4 layer by a FIB system. The etching depth (δ) can be varied from 30 nm to 70 nm by controlling the FIB current and dwell time. Finally, the 2D-PhC slabs are formed on top of the Si 3 N 4 thin films.
Conclusions
In conclusion, we numerically investigated the Fano-like GMR color filters using 2D-PhC slabs of square lattice of air holes emphasis on the Q-factor and low reflection sidebands. A proposed PhC lattice is presented by introducing an additional hole in each unit cell to enhance the light confinement in the waveguiding slab and the coupling between the waveguiding slab and incident light is largely minimized due to interference between reflected back and forth at the GMR, resulting in a high Q-factor of Fano-like GMR in the proposed PhC slab. We believe that our simulation results suggest the promise for photonic device applications such as sensitive optical filters, lasers, biosensors, and also switching/bistability.
